Hydrogen gas (H 2 ) may be produced by the anoxic corrosion of steel components in underground structures, such as geological repositories for radioactive waste. In such environments, hydrogen was shown to serve as an electron donor for autotrophic bacteria. High gas overpressures are to be avoided in radioactive waste repositories and, thus, microbial consumption of H 2 is generally viewed as beneficial. However, to fully consider this biological process in models of repository evolution over time, it is crucial to determine the in situ rates of microbial hydrogen oxidation and sulfate reduction. These rates were estimated through two distinct in situ experiments, using several measurement and calculation methods.
Introduction
Based on an international consensus, deep geological repositories are the preferred option for the disposal of radioactive waste (IAEA, 2003) . An in-depth understanding of host rock processes relevant to safety is thus required, including the impact of microorganisms under repository relevant conditions. A few European countries have opted for a repository design that consists of waste sealed in carbon steel containers that are placed in a lowpermeability Clay rock formation (ANDRA, 2005; Nagra, 2002) . Steel is expected to corrode under reducing conditions at a rate of a few micrometers a year, producing iron oxide minerals (e.g., magnetite) and gaseous hydrogen (H 2 ) (King, 2008; Marsh and Taylor, 1988) . Another source of H 2 , but likely in lesser amounts, is the alpha-radiolysis of water after canister breaching (Le Ca€ er, 2011) . H 2 is believed to build up at higher rates than can be dissipated via diffusion. In this case, a free gas phase can form and migrate through the clay via two-phase flow or pathway dilation through the host-rock (Marschall et al., 2005) . However, H 2 is also known to be an excellent source of energy that can support microbial growth and activity (Nealson et al., 2005) . Thus, the consumption of H 2 by microbial activity could be beneficial to the longterm safety of the repository (Libert et al., 2011) .
In Switzerland, Opalinus Clay, a clayey rock formation, is the current candidate to host a deep geological repository (Pearson et al., 2003) . Results from an in-situ experiment on hydrogen diffusion through this rock formation that took place in the Mont Terri Underground laboratory, 300 m below the surface (Thury and Bossart, 1999) , suggested that H 2 is being consumed by biological processes as it disappeared 20 times faster than accounted for by abiotic processes (Vinsot et al., 2014) . A separate in situ experiment, carried out in the same facility, clearly showed that H 2 was oxidized microbiologically through a complex metabolic network (Bagnoud et al., submitted) . Thus, it is expected that hydrogen gas might be utilized in a geological underground repository if the boundary conditions allow for it. The mechanism of hydrogen utilization in a repository have been discussed elsewhere (Nagra, in prep.) and are well established, but its rate of consumption remains uncertain.
Determination of the in situ kinetics of H 2 oxidation is essential in order to complete the geochemical modeling of the repository and to account for biological contributions to H 2 consumption.
Furthermore, the rate of sulfate (SO 4 2À ) reduction is a key parameter in evaluating whether sulfate depletion via hydrogenfueled microbial sulfate reduction will exceed the influx of sulfate via diffusion from the rock. The depletion of sulfate, if it occurs, may enable the growth of methanogens. The establishment of a methanogenic microbial community would result in a lesser reduction of the gas pressure than sulfidogenic conditions due to the production of methane (CH 4 ), because the latter exhibits low solubility in water.
An experiment was carried out to characterize the microbial community that develops in response to H 2 amendments into a borehole within the Opalinus Clay formation (Bagnoud et al., submitted) . While assessing rates of H 2 oxidation and sulfate reduction was not the primary goal of the experiment, it provided a unique opportunity to estimate these rates in situ. The collected data were evaluated using the differential rate (H 2 , SO 4 2À ) of consumption per time unit. The dependence of the consumption rates on hydrogen and sulfate concentrations as well as on the biomass was not obtainable. Nevertheless, the present work utilizes the data gathered from the H 2 amendment experiment to obtain a range of values for the rate of H 2 and sulfate consumption that could be of use to others in the nuclear waste disposal community as well as the subsurface H 2 storage community.
Materials and methods

Experimental set-up
The experimental set-up was described previously by Bagnoud et al. (Bagnoud et al., submitted) . Briefly, an inclined descending borehole (borehole BRC-3) at the Mont-Terri Underground Rock Laboratory (URL), producing 20 mL/day of porewater (due to a pressure differential between the rock formation and the borehole of about 10 bars), was equipped with a hydraulic packer in order to preserve reducing conditions and to enable a hydraulic pressure buildup (Fig. 1) . Polyamide lines were connected to the surface through a series of lines and valves (referred to as surface equipment). This surface equipment allowed for water recirculation using a peristaltic pump (at a flow rate of 5 mL/min), water and gas sampling through needle valves, and hydrogen gas injection using a gas reservoir connected to the water circuit by a gas permeable membrane. A schematic representing the timescale set-up of the H 2 injection experiment is given in Fig. 2 .
Bromide (Br À ) was amended to the borehole water as a conservative tracer in an initial pulse, before the start of the experiment. Hydrogen gas was then supplied to the circulating porewater for over 500 days (with some interruptions; Fig. 2 ). During the first 139 days, this amendment was delivered continuously as a gas Opalinus Clay rock Borehole equipment of BRC-3, which has an inclined descending orientation, forming a 30 angle with the zenith. Downhole equipment includes a central tube containing sampling lines (line 1 for water sampling and injection; line 2 for gas injection), a hydraulic packer and a PVC screen. Not to scale. Fig. 2 . Timeline of the H 2 injection experiment in BRC-3 borehole. Day 0 corresponds to the first injection of H 2 in borehole water. On the first line, the black cross indicates when the Br À tracer was injected, the blue squares when APW I was injected, the yellow squares when APW II was injected and the green squares when APW III (sulfate-free) was injected into the borehole. On the second line, the red line indicates when H 2 was continuously injected to the borehole water (as dissolved phase), and the red diamonds indicate discrete H 2 injections into the borehole (as gas phase). On the third line, the dark blue line indicates when borehole water was continuously recirculated, and the light blue line when borehole water was recirculated 1 h per day. On the fourth line, the green line indicates when O 2 is the electron acceptor used by the microbial community, the orange line when Fe(III) is used, and the purple line when SO 4 2À is used (Bagnoud et al., submitted) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
phase via the gas permeable membrane, except between days 105 and 120. Later, hydrogen was directly injected into the borehole, creating a gas cushion below the hydraulic packer. Water circulation was discontinued starting at day 178. Approximately once a week, water (between 400 and 1000 mL) was sampled and replaced by artificial porewater (APW). APW I was the replacement solution until day 324, after which APW II was used. The latter was based on the chemical composition of the first BRC-3 water samples, withdrawn before any H 2 amendment or APW injection. APW III (sulfate-free) was injected at days 399 and 402 (Table 1 ; Fig. 2 ). These large sample volumes were collected for molecular analysis of the microbial community, which is presented in a separate publication (Bagnoud et al., submitted) , but a small volume was also preserved from each sample to quantify major anion and cation concentrations.
Experimental procedures
During the 500 days of hydrogen gas injection, three experiments were carried out to evaluate the in situ rates of hydrogen oxidation and of sulfate reduction.
The first experiment (repeated sampling) was carried out by repeated samplings of the borehole on day 378, one week after the last APW I injection, and 24 h after the last injection of 1 L of hydrogen gas. This injection increased the borehole pressure by 5.4 bars (compared to atmospheric pressure), which allowed borehole water to be collected simply by opening the sampling line. Because the water column is stratified, repeated sampling of a given volume is equivalent to collecting discrete samples as a function of depth. Indeed, for every 104 mL of borehole water sample, the water table is lowered by 1 cm. This means that a sample will be 1 cm closer to the water table than the previous one, as depicted in Fig. 3 . The water was then collected as~100 mL aliquots from the downhole sampling port (line 1), to investigate the changing porewater composition as a function of distance from the gas phase. All the~100 mL aliquots were filtered through a 0.2 mm nylon filter, and analyzed for SO 4 2À , sulfide (S(-II)) and dissolved H 2 .
In total, 10 samples were collected before the gas phase reached the sampling line. The second experiment (repeated injection) was conducted on day 405, 3 days after the injection of APW II and continuous recirculation of borehole porewater. The pump was shut down, and water collected using the borehole excess pressure. After discarding the dead volume in the lines, water was analyzed for SO 4 2À , Br 
where R ¼ 34 S= 32 S. Immediately after sampling, 1 L of H 2 gas was injected into the borehole, and a new sample collected to quantify the concentration of dissolved H 2 resulting from this injection. The combination of water sampling, followed by hydrogen injection, and followed by another water sampling, was repeated 11 times within a period of 15 days. The third experiment consisting of a laboratory incubation test Step 0 9 cm 104 mL sampling
Step 1 8 cm 208 mL sampling
Step 2 0 cm 1,040 mL sampling
Step 10 under sulfate-reducing conditions. A volume of 950 mL of porewater was collected anoxically and under sterile conditions on day 314 and transferred in a 1-L bottle to which 1.5 mL of 150 mM KH 2 PO 4 (pH 7.2) were amended to mimic the release of phosphate from the Opalinus Clay. The headspace of the bottle was flushed with 100% H 2 to a pressure of 0.85 relative bar. The bottle was then incubated at 17.5 C and sampled periodically over a period of 107 days (10 samples were collected).
Chemical analyses
For major cation and anion quantification, a sample of 2 mL of water was filtered using a 0.2 mm nylon filter, and stored at À20 C until analysis. Immediately before analysis, each sample was refiltered and diluted 10, 100, and 1000 times with MilliQ water. Samples were analyzed by ion chromatography (DX-3000, Dionex, Sunnyvale, USA) with an IonPac CS16 Cation-Exchange column and 40 mM of methanesulfonic acid for elution, to measure major cations, and with an IonPac AS11-HC column and KOH gradient from 0.5 to 30 mM for the elution, to measure major anions. Analytical error (1-sigma error) is less than 4%.
SeSO 4 was measured on water samples filtered through 0.2 mm nylon filters. Prior to analysis, S(-II) was removed by reaction with zinc acetate at a concentration of 1% (w/v) and incubation for 2 h at room temperature. Subsequently, the solution was centrifuged at 4500 Â g for 10 min and the pellet discarded. (Cline, 1969) and Stookey (Stookey, 1970) , respectively. Analytical error (1-sigma error) is less than 2.5% for S(-II) assay, and less than 2% for Fe(II) assay. Dissolved hydrogen was measured by a headspace equilibration method, as described by Bagnoud et al. (Bagnoud et al., submitted) . Briefly, a volume of about 10 mL of water was recovered in a serum bottle that was previously flushed with N 2 , at a known final pressure, and contained HgCl 2 . After sampling, the bottle was incubated horizontally at 37 C for at least 24 h to equilibrate the gas phase with the aqueous phase. The gas phase composition was analyzed using a GC-FID (Varian 450-GC, Agilent, Santa Clara, USA). The dissolved H 2 concentration was calculated using the bottle's initial pressure, the bottle volume, the sampled water volume, the incubation temperature and Henry's Law constant for H 2 . Analytical error (1-sigma error) is less than 5%.
Rate calculation
Simple differential rates (R) of hydrogen and sulfate consumption were assessed with different methods:
(A) First, the rate R of hydrogen or sulfate consumption was obtained simply by calculating the concentration C difference during a time interval t (Eq. (2)):
The rate of sulfate consumption can be also assessed with the same equation by using the increase in sulfide concentration over time.
(B) The rate of hydrogen oxidation was also assessed by comparing the measured H 2 concentration profile (which is decreasing with depth) to that predicted using Fick's first law of diffusion (by which the H 2 distribution is expected to be uniform as a function of depth). When hydrogen diffuses from the gas phase and is consumed in the aqueous phase, assuming a steady state (diffusion from the gas phase equals bacterial consumption in the aqueous phase), the flux of hydrogen F can be calculated according to Eq. (3):
in which Dw ¼ 5:13$10 À5 cm 2 $s À1 and z represent the sample height (J€ ahne et al., 1987) . The volumetric rate of hydrogen consumption R can be calculated by dividing the hydrogen flux by the height (Eq. (4)):
(C) Additionally, the rate of sulfate reduction was also calculated using the sulfate to bromide concentration ratio. Indeed, because the concentration of sulfate is not uniform in the borehole, we need to compare it to a conservative tracer (bromide) that was injected at the very beginning of the experiment (Fig. 2) . If sulfate is not reduced by microorganisms, the ratio between sulfate and bromide should remain constant for the duration of the experiment. Eq. (5) can be used to calculate the theoretical sulfate concentration Se at time i without any microbiological reduction, based on the initial ratio (at time 0) between sulfate and bromide, and the bromide concentration at time i:
In a second step, the change in concentration of sulfate due to its biological reduction Sr at time i can be calculated by simply subtracting the actual sulfate concentration C measured at time i to Se, using Eq. (6):
Then Eq. (2) can be used for calculating the sulfate reduction rate, using Sr as dC. (Canfield, 2001) . First, the ratio between the change in d 34 SeSO 4 and the change in sulfate concentration over time R fr was determined and calculated using Eq. (7):
R fr was determined in laboratory conditions, in bottles where sulfate concentrations were homogenous. This parameter allows us to translate any in situ change in d
34 SeSO 4 to a change of concentration due to sulfate reduction Sr, using Eq. (8):
Finally, sulfate reduction rate can be calculated with Eq. (2), using Sr as dC.
Results
Variation in anion concentrations
The concentration of sulfate decreases during the first 276 days of hydrogen injection, then increases until day 330 before dropping again at day 420 (Fig. 4) . In contrast, the concentration of chloride is more stable, even though a slight decrease is observed, and the concentration of bromide decreases to near zero (Fig. 4) .
Repeated sampling
The results of the repeated sampling experiment are presented in Fig. 5 . The position of samples in the water column relative to the tip of the sampling line was determined by dividing the volume of water withdrawn prior to sampling by the surface area of the water-gas interface (i.e., 104 cm 2 ). The sulfate concentration decreased and the sulfide concentration increased as the samples approached the water-hydrogen interface. Based on S(-II) production and Eq. (2), the rate of sulfate reduction is estimated to be 0.08 mmol cm À3 day À1 (Table 2 ). The concentration of dissolved hydrogen was stable in the first 6 samples, and then steadily increased as the samples approached the gas phase. The rate of hydrogen consumption was estimated for the first six samples, using the change in concentration over time (Eq. (2)), and for the second series of samples, using Fick's first law of diffusion (Eqs. (3) and (4)). Rates are presented in Table 2 .
Repeated injection
Results of the repeated injection experiment are shown in Fig. 6 . The sulfide concentration steadily increased while the hydrogen concentration fluctuated up and down, depending on whether the sample was recovered immediately or one day after the hydrogen injection (Fig. 6A) . Both sulfate and bromide concentrations decreased abruptly two days into the experiment, before slowly increasing. The change in their ratio shows sulfate depletion relative to bromide. d
34 SeSO 4 appears to be stable over the course of the experiment, except for the last data point, which is almost 2‰ greater than the last measurements (Fig. 6B ). Hydrogen and sulfate consumption rates, based on hydrogen and sulfide concentration changes over time (Eq. (2)), were calculated to be 1.37 and 0.04 mmol cm À3 day
À1
, respectively ( Fig. 6C and Table 2 ). Sulfate consumption rates based on sulfate to bromide ratios (Eqs. (5) and (6)) is higher: 0.14 mmol cm À3 day À1 (Fig. 6C and (8)).
Discussion
Temporal variation in the sulfate and hydrogen concentrations
Assessment of the sulfate reduction and hydrogen oxidation 
Chloride (mM) , S(-II) (μM) , Fe(II) (μ M)
Time (days)
APW I injections APW II APW III inj. Fig. 4 . Change in the concentration of sulfate (in mM, right axis, green circles), chloride (in mM, left axis, grey circles), bromide (in mM, right axis, blue circles), S(-II) (in mM, left axis, red circles) and Fe(II) (in mM, left axis, orange circles) in borehole water over time. Blue, yellow and green diamonds at the top of the plot indicate when APWI, APWII and APWIII (sulfate-free), respectively, were injected after borehole water sampling. The decrease in sulfate concentration observed during the first~300 days is mainly caused by borehole water dilution with APW I that has a lower sulfate concentration. Later, after day 324, APW II composition was adapted to initial borehole water composition, with a higher sulfate concentration, explaining why sulfate concentrations increase (Table 1 ). Bromide concentrations decreased over time because this tracer was only injected at the start of the experiment and was diluted by each APW injection. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) . Sulfate (green triangles, top axis), hydrogen (red squares, bottom axis) and sulfide (blue diamonds, bottom axis)) concentrations from repeated sampling carried out at day 378. For each sample,~100 mL of borehole water was withdrawn. As sampling proceeded, the level of the water in the borehole progressively moved closer to the sampling line, allowing collection of water closer to the headspace. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article. ) rates in this system is challenging. The diffusion of sulfate from the Opalinus Clay formation into the borehole, and of hydrogen from the borehole into the rock (or through tubing because of leakage) increase the uncertainty of the sulfate and hydrogen mass balances in the borehole as a function of time. The complexity was further increased by the replacement of the large water samples collected for DNA analysis with artificial porewater (APW), with sulfate concentrations that did not match the one in the borehole water (Bagnoud et al., submitted) . In the first part of the experiment (from day 0 to day 324), the composition of APW (APW I) was based on another borehole in the URL (Table 1 ; Fig. 2 ) (Pearson, 2002) , where extensive characterization of porewater geochemistry took place. However, the sulfate concentration at that location is lower than that at the BRC-3 borehole (Table 1 ; Fig. 2 ). To correct this mismatch between APW and borehole water sulfate concentration, a second APW (APW II) was prepared with a higher sulfate concentration to match the borehole porewater composition. Also, sulfate-free APW III was injected at days 399 and 402 (Table 1 ; Fig. 2 ). Another challenge was related to the fact that mixing was limited in the borehole, resulting in significant concentration gradients, particularly for H 2 because the only source of H 2 was the gas phase at the top of the water column. Additionally, the gas/water interface, where sulfate reduction is likely to take place because the H 2 concentration is highest close to the gas phase, was located above the water sampling line, making it difficult to sample this volume directly (Fig. 1) . The concentration of sulfate decreased continuously overtime until day 276 (Fig. 4) , which is primarily due to the injection APW with a lower sulfate concentration. The fact that sulfate concentration is lower in the borehole than in APW I (14.7 mM; Table 1 ) starting day 181 highlights it consumption by another process than dilution in APW I. The latter is clearly sulfate reduction, as shown by hydrogen sulfide accumulation in borehole water (Bagnoud et al., submitted) . After day 324, the sulfate concentration tended to increase due to amendment the new APW containing a higher sulfate concentration (APW II, Table 1 ). The last sulfate measurement is significantly lower, and is explained by borehole water dilution with sulfate-free APW III (Table 1) . (grey circles, left axis)). The latter two were used to evaluate the rate of SO 4 2À con- 
Repeated sampling
The repeated sampling experiment was designed to capture the chemical heterogeneity of the water column caused by hydrogen gas diffusion from the headspace into water. At each sampling, the water level went down, moving the gas/water interface closer to the sampling line (Fig. 3) . Because the successive samplings occurred within a short time (about 1 h), porewater production in the borehole (20 mL/day) during this time frame is negligible. Using the geometry of the system, we linked the amount of water withdrawn before each sample with the original elevation of the sample relative to the sampling line. The hydraulic conductivity of the clay is obviously much lower than that of the borehole, the tip of the sampling line is oriented perpendicular to the borehole direction, the water flows due to an overpressure of 5.4 bars in the borehole (compared to atmospheric pressure), and the time scale of sampling is too small for significant gravitational flow effects, thus, each sample is composed of water coming from all directions within the borehole, including above and below the tip of the sampling line. This means that a sample recovered after withdrawing 500 mL will consist approximately of 250 mL of water originally located above the sampling line, and 250 mL of water originally located below the sampling line, mixed at a 1:1 ratio.
The slope of the concentration of H 2 along the water column shows two different behaviors (Fig. 5) . The first six samples (farthest from the gas/water interface) exhibit a near-constant hydrogen concentration, around 600 mM, and indicate that H 2 injected previously is still being consumed in this part of the water column. Thus, it is possible to calculate the rate of oxidation of hydrogen by dividing the drop in concentration by the time elapsed using Eq. (2). Depending on whether the initial H 2 concentration is taken to be the highest H 2 measurement (1.35 mM) or, to correspond to the solubility limit of H 2 under in situ conditions (4.24 mM), we obtain a low-end and a high-end estimate of the rate giving a range of 0.72e3.30 mmol cm À3 day
À1
. A better assessment of the initial H 2 concentration may be obtained by multiplying the highest measured H 2 concentration by two (2.7 mM). This is because this sample, which is closest to the gas phase, has been diluted in a 1:1 ratio with water from deeper in the borehole and containing no H 2 . Indeed, because H 2 was injected through the same sampling line, we assume that its concentration below this point is zero. This value gives an intermediate hydrogen oxidation rate of 1.93 mmol cm À3 day À1 (Table 2 ).
The last four water samples (the ones closer to the borehole headspace) exhibit a steady increase in the concentration of H 2 as the samples are collected closer to the gas phase (Fig. 5) . If diffusion were the only process here, H 2 concentration would be homogenous within the water column (like the 6 first samples collected, the ones further from the borehole headspace). This steady change in concentration suggests that H 2 diffusion from the gas phase and H 2 consumption are competing processes at these locations, and that they reach a steady-state in the top part of the water column. If the repeated sampling had occurred later, the same slope would have been observed for the change in H 2 concentration as a function of depth (dC=dz from Eq. (3)), but it would have persisted deeper into the column. We can thus calculate the rate of H 2 oxidation by computing the flux of H 2 from the gas phase using Fick's first law of diffusion, based on the slope of the four last samples (Eqs. (3) and (4)). For this calculation, we used H 2 concentrations for the 7th and 10th samples (1.49 mM and 2.7, respectively, dz ¼ 2:455 cm), both multiplied by two to account for the dilution by H 2 -free porewater, and a diffusion coefficient of 5.13$10 À5 cm À2 s À1 (J€ ahne et al., 1987 (Table 2 ).
In the same experiment, we also calculated the rate of sulfate reduction by dividing the highest concentration of S(-II) reached during the experiment by the time elapsed since APW injection (Eq. (2)). Unlike for H 2 , it is not necessary to multiply the S(-II) concentration by two. Indeed, this compound is produced by microbial activity in the borehole and is thus distributed more homogeneously than H 2 . Nonetheless, this estimate is likely to underestimate the rate of sulfate reduction because some dilution of sulfide is expected and soluble sulfide only represents a fraction of the total sulfide produced. Indeed, sulfide is expected to precipitate with ferrous iron, as shown by the decreasing Fe(II) concentrations in Fig. 4 , which occurred just before sulfide started to build-up. The sulfate reduction rate obtained based on this calculation is 0.08 mmol cm À3 day À1 (Table 2 ).
Repeated injection
The second experiment, involving repeated H 2 injection in a borehole where water was mixed by recirculation for 3 days, was designed to capture the rate of sulfate reduction. Every day during 2 weeks, about 150 mL of water was withdrawn for sampling, moving the gas phase progressively closer to the sampling line. Each sampling was followed by the injection of 1 L of hydrogen gas, likely homogenizing the H 2 concentration in the water above the sampling line (Fig. 6A) .
The rate of sulfate reduction was evaluated in three different ways:
(1) Using soluble S(-II) production (Eq. (2) (Fig. 6C) SeSO 4 are comparable. The fact that these estimates match reasonably well despite originating from two different analytical techniques suggests the robustness of the approach. Moreover, by comparing these two rates with the one obtained with S(-II) concentration, we calculate that roughly 75% of the S(-II) produced precipitates presumably with ferrous iron within a time period corresponding to the experimental duration (15 days), which is consistent with the presence of black particles and Fe(II) in the borehole water (Fig. 4) .
As explained earlier, estimating the rate of hydrogen gas oxidation is also challenging in this system due to potential losses of the gas to the formation and via small leaks through the sampling lines. However, we used the experiment described previously to calculate a hydrogen oxidation rate of 1.37 ± 0.2 mmol cm À3 day À1 by averaging the rates obtained from several day-long incubations (excluding the third, the fifth and the tenth incubations on account of inaccurate H 2 measurements or too long incubation time at those time points) ( Fig. 6A ; Table 2 ), calculated with Eq. (2).
Rates of hydrogen and sulfate consumption
Overall, hydrogen and sulfate consumption rates can be bracketed within a range of values from both experiments ( Based on the stoichiometry of hydrogen oxidation coupled to sulfate reduction, given by Eq. (9), each mole of sulfate reduced, requires 4 moles of hydrogen oxidized.
However, based on the calculations in this study, the stoichiometry is closer to 1:8.5. This result suggests that, in Opalinus Clay, electrons derived from hydrogen oxidation not only reduce sulfate, but also carbon dioxide, via carbon fixation pathways, and probably also ferric iron (Fe(III)), through alternate respiratory processes, as presented in by Bagnoud et al. (Bagnoud et al., submitted) . In addition, it is likely that some of the apparent consumption of H 2 could be attributed to loss via leaks and diffusion into the formation. This ratio between H 2 and sulfate consumed is comparable to the one reported by Vinsot et al (Vinsot et al., 2014) in another experiment where H 2 consumption in Opalinus Clay was monitored at the Mont Terri URL. In that study, they estimated that 6 H 2 molecules were oxidized per sulfate reduced. Unfortunately, in the Vinsot et al. study (Vinsot et al., 2014) , no information is available on the volumetric rates of H 2 and sulfate consumption in the porewater.
Hydrogen and sulfate consumption rates presented here are in the form of zeroth-order kinetics. Even though we are aware that the reality is more complex and these rates should be on the form of first-or second-order kinetics, as they depend on several factor such as H 2 and SO 4 2À concentrations, the experimental design used here does not allow that assessment. However, hydrogen-utilizing SRB are used to utilize very low H 2 concentrations, maintaining conditions favorable for fermentative bacteria (Muyzer and Stams, 2008) . This is reflected by the low values of the half-velocity constant (K M ) in the Michaelis-Menten kinetic model for SRB, which are about 1 mM for H 2 (Kristjansson et al., 1982; Robinson and Tiedje, 1984) . This means that the high H 2 concentrations used for these experiments only yield rates at saturating H 2 concentrations for bacteria, far above K M , and thus inform us about the maximum rate V max . This component of the Michaelis-Menten kinetic model is more crucial than K M in the case of safety assessment of nuclear waste disposal, because it better reflects rates of H 2 consumption at high H 2 concentrations.
Conclusion
The present work demonstrates that microorganisms, especially sulfate-reducing microorganisms, are able to rapidly oxidize hydrogen in Opalinus Clay. This biological process can beneficial for the safety of geological disposal of nuclear waste. Indeed, hydrogen gas pressure build-up wrought by anoxic corrosion of steel might be reduced by the processes described in this study, resulting in a net improvement of the safety case. On the other hand, sulfatereducing bacteria are known for increasing steel corrosion through their activity, by producing sulfide (Muyzer and Stams, 2008) . This implies that a careful repository design is needed to minimize this negative impact. For instance, microbial activity can be promoted in an iron-rich porous medium located somewhere between the canister and the host-rock. This would protect the latter from pressure build-up by consuming hydrogen, and would protect the steel canister by precipitating sulfide with Fe(II), precluding enhanced canister corrosion by sulfide.
Nonetheless, further studies are needed to fully assess the impact of H 2 consumption on repositories. The geometry of the repository and its resaturation history are also likely to be important parameters controlling the rate of hydrogen oxidation and the overall amount oxidized. Additionally, the availability of sulfate, the main electron acceptor for hydrogen oxidation, will significantly impact the consumption of H 2 . The concentration of sulfate in Opalinus Clay porewater ranges between 15 and 20 mM and could be locally depleted due to low hydraulic conductivity of the rock. When sulfate in the porewater becomes depleted and the conversion rate of hydrogen becomes limited by sulfate diffusion into the repository then methanogenesis could further reduce the hydrogen partial pressure in the repository backfill. This process has not been identified in situ and its occurrence remains an open question.
